After endocytic uptake by mammalian cells, the cytotoxic protein ricin is transported to the endoplasmic reticulum, whereupon the A-chain must cross the lumenal membrane to reach its ribosomal substrates. It is assumed that membrane traversal is preceded by unfolding of ricin A-chain, followed by refolding in the cytosol to generate the native, biologically active toxin. Here we describe biochemical and biophysical analyses of the unfolding of ricin A-chain and its refolding in vitro. We show that native ricin A-chain is surprisingly unstable at pH 7.0, unfolding non-cooperatively above 37°C to generate a partially unfolded state. This species has conformational properties typical of a molten globule, and cannot be refolded to the native state by manipulation of the buffer conditions or by the addition of a stem-loop dodecaribonucleotide or deproteinized Escherichia coli ribosomal RNA, both of which are substrates for ricin A-chain. By contrast, in the presence of saltwashed ribosomes, partially unfolded ricin A-chain regains full catalytic activity. The data suggest that the conformational stability of ricin A-chain is ideally poised for translocation from the endoplasmic reticulum. Within the cytosol, ricin A-chain molecules may then refold in the presence of ribosomes, resulting in ribosome depurination and cell death.
Bacterial proteins including diphtheria toxin (DT), 1 Pseudomonas exotoxin A (PE), Shiga toxin (ST), Shiga-like toxins (SLTs), and plant proteins such as ricin kill mammalian cells by catalytically inactivating key components of the translational machinery (1) . DT and PE achieve this by the ADPribosylation of elongation factor-2 (2), whereas ST, SLTs, and ricin inhibit protein synthesis by removing a specific adenine residue from 28 S ribosomal RNA (3), leaving toxin-modified ribosomes unable to carry out protein synthesis. Since the target substrates for all these toxins are present in the cytosol, a key feature of toxicity is the delivery of a catalytically active polypeptide or fragment into this cellular location.
Cellular entry by the protein toxins listed above involves the same generalized mechanism. The toxin binds to a normal cell surface component, which is thus utilized as a toxin receptor. Surface-bound toxin enters the cell by endocytosis in both clathrin-coated and uncoated pits/vesicles (2, 4) . During subsequent intracellular transport, DT, PE, ST, and SLT are cleaved by the membrane-associated protease, furin, to separate the cell-binding domain from the catalytic domain (5) . The furin cleavage site lies between two cysteines that are joined by a disulfide bond so that after proteolytic cleavage the resulting fragments remain covalently linked. The catalytically active (or A) chain (RTA) and the cell binding (or B) chain (RTB) of the plant toxin ricin are also synthesized as part of a single precursor protein (6) , but the proteolytic cleavage necessary to separate them occurs during their biosynthesis in the producing plant (7) . When the appropriate intracellular compartment is reached by the endocytosed toxin, the enzymic peptide fragment translocates across the membrane to enter the cytosol.
The site and mechanism of translocation into the cytosol are best understood in the case of DT, in which the ADP-ribosyltransferase polypeptide of DT (DTA) translocates from endosomes using a mechanism that requires the low pH environment of this organelle (8) . Here, both DTA and its cell binding polypeptide fragment (DTB) partially unfold (9, 10) , allowing the transmembrane domain to insert into the endosomal membrane to form, or become part of, a translocation channel, through which partially folded DTA is able to pass (11, 12) . At the neutral pH of the cytosol, DTA then refolds into its active conformation.
By contrast with DT, the compartment for ricin translocation has only very recently been identified. Thus, although early data pointed to translocation of the catalytic polypeptide (RTA) from endosomes (13), a wide body of data has now shown that RTA enters the cytosol from the endoplasmic reticulum (ER), probably via the ER-associated degradation (ERAD) pathway (14, 15) . Thus, treating cells with brefeldin A protects against intoxication (16) ; addition of the ER retrieval signal (Lys-AspGlu-Leu (KDEL)) to the carboxyl terminus of RTA increases the cytotoxicity of whole ricin and free RTA (17, 18) ; ricin cytotoxicity is sensitive to recycling between the ER and Golgi complex (19) ; and a mutant form of RTA containing a tyrosine sulfation site and three overlapping glycosylation sites at the carboxyl terminus, was shown to be radiolabeled with Na 2 35 SO 4 within the trans-Golgi network, delivered to the ER lumen and glycosylated when added to cultured mammalian cells as part of the ricin holotoxin (20) . In addition, temperature-sensitive mutants in the Sec61p translocon have been shown to be defective in RTA export from the ER to the cytosol, * This work was supported by the Biotechnology and Biological Sciences Research Council, Kymed GB Ltd., and the Wellcome Trust. The costs of publication of this article were defrayed in part by the payment of page charges. This article must therefore be hereby marked "advertisement" in accordance with 18 U.S.C. Section 1734 solely to indicate this fact.
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implicating ERAD as a possible route for cellular invasion by the toxin (21) . Whatever the mechanism of cytosol entry, however, partial unfolding of RTA is likely to be a prerequisite for membrane traversal. Consistent with this, introduction of an engineered disulfide bond into RTA reduces ricin cytotoxicity (22) . The present paper describes experiments that investigate the unfolding of RTA in vitro and the reversible folding of RTA in the presence of its ribosomal substrates. The data are consistent with a model in which RTA spontaneously unfolds in the ER lumen where, perhaps disguised as a misfolded protein, it invades the cytosol, probably using the natural ER quality control system. The newly emerging RTA then refolds in the cytosol, a process that appears to require its substrate ribosomes. As a consequence, this leads to the rapid depurination of 28 S rRNA and hence cell death.
EXPERIMENTAL PROCEDURES
Toxins-Recombinant ricin A chain was kindly provided by Zeneca Pharmaceuticals (Alderley Park, Cheshire, United Kingdom).
Tryptophan Fluorescence-Fluorescence measurements were performed using a Perkin-Elmer LS50B luminescence spectrometer attached to a Neslab RTE-110 water bath, using 0.01 mg/ml RTA in 20 mM sodium phosphate buffer, pH 7, containing 2 mM DTT. The pathlength was 1 cm, and an excitation wavelength of 295 nm was used. Fluorescence emission spectra were measured from 300 to 450 nm, and 4 scans were averaged.
Circular Dichroism-CD measurements were performed using a Jasco J-715 spectropolarimeter attached to a Jasco PTE-348W Peltier heating system. Far UV CD spectra were accumulated from 250 to 190 nm using 0.04 mg/ml RTA in 20 mM sodium phosphate buffer, pH 7, containing 2 mM DTT, in a 0.1-cm pathlength cuvette. Near UV CD spectra were accumulated from 340 to 250 nm using 0.4 mg/ml RTA in the same buffer, using 1-cm pathlength cuvettes. All CD spectra were smoothed using the fast Fourier transform algorithm supplied with the Jasco J-715 software.
Protease Digestion-RTA (0.02 mg/ml) in 20 mM sodium phosphate buffer, pH 7.0, containing 2 mM DTT was incubated to different temperatures for 30 min and was then cooled on ice for 10 min. Thermolysin (final concentration 0.04 mg/ml in 10 mM HEPES/KOH, pH 8.0, containing 5 mM CaCl 2 ) was then added and protease digestion allowed to proceed for 60 min. The reaction was then quenched by the addition of 10 mM EDTA (pH 8.0) and samples analyzed by SDS-polyacrylamide gel electrophoresis.
Measurement of the rRNA N-Glycosidase Activity of RTA-The catalytic activity of RTA was determined by a modification of the method of May et al. (23) . RTA samples (1 ng/l) were incubated at various temperatures for 30 min in 20 mM sodium phosphate buffer, 2 mM DTT, at pH 7.0, then allowed to cool to 30°C. Rabbit reticulocyte ribosomes or deproteinized E. coli rRNA (30 g in 25 mM Tris-HCl, pH 7.6, 25 mM KCl, 5 mM MgCl 2 (ENDO buffer)) were added to 1 or 720 ng of cooled RTA, respectively, and the mixture was incubated at 30°C for 20 min. The rRNA was recovered, treated with aniline, and analyzed as described previously (23) .
Quantitation of the N-glycosidase activity of RTA was carried out by incubation of salt-washed Saccharomyces cerevisiae ribosomes with different concentrations of native or partially unfolded RTA, as described above. The gels were Northern-blotted and probed with 32 P-labeled oligonucleotide complementary to the 3Ј region of 26 S rRNA (24) . Activity was quantitated using a Molecular Dynamics PhosphorImager, by determining the relative amount of labeled probe bound to the aniline-cleaved fragment (the amount bound to the aniline fragment as a proportion of the total bound to the fragment plus the unmodified 26 S rRNA).
Synthesis of Oligoribonucleotides-Solid-phase synthesis of oligoribonucleotides and their deprotection and purification were carried out as described previously (25) . RNA concentrations were determined spectrophotometrically (25) , and the oligoribonucleotides were characterized by ESI MS on a Micromass bench-top platform II mass spectrometer.
Activity of RTA on Synthetic Oligoribonucleotides-Synthetic oligoribonucleotide dodecamers were phosphorylated with [␥- 32 The phosphorylated dodecaribonucleotide was then purified by electrophoresis in TBE on an 18% (w/v) polyacrylamide gel containing 7 M urea. The band corresponding to the end-labeled product was excised from the gel, eluted into 0.1% (w/v) SDS, 0.5 M ammonium acetate, 10 mM magnesium acetate at 37°C overnight, then ethanol-precipitated in the presence of 15 g of yeast tRNA as a carrier. Activity assays of RTA on the synthetic oligoribonucleotides were carried out essentially by the method of Allerson and Verdine (26) . Prior to use in activity assays, the ␥-32 P-labeled oligoribonucleotides were renatured as follows; 12 M unlabeled dodecaribonucleotide containing small amounts of the ␥-32 Plabeled rRNA (approximately 50 nM) were incubated in 10 mM Tris-HCl, pH 7.0, 20 mM KCl, 10 mM MgCl 2 at 90°C for 5 min, then allowed to cool slowly to room temperature. Activity assays were set up consisting of 12 M renatured oligoribonucleotide in reaction buffer (1.5 mM EDTA, pH 7.2, 5 mM KCl, 2 mM MgCl 2 , 2.5 mM Tris-HCl, pH 7.0, 11% (v/v) glycerol), to which was added 1 M RTA. The reaction was incubated at 37°C, and 10-l aliquots removed at various times from 0 to 120 min. Each sample was quenched with 1% (w/v) SDS, extracted twice with phenol/chloroform, the rRNA oligoribonucleotides recovered by precipitation with sodium acetate and ethanol in the presence of 5 g of yeast tRNA, and resuspended in 4 l of water. The samples were subsequently treated with 20 l of 1 M aniline, pH 4.8, as described above, except that the samples were incubated at 40°C for 30 min. The samples were resolved by electrophoresis on an 18% (w/v) polyacrylamide gel containing 7 M urea, in TBE, and the results visualized by autoradiography. Unfortunately, assays could not be performed on the partially folded state of RTA generated by renaturation from 4.2 M GdmCl, since the residual denaturant inhibited the RTA cleavage assay against both ribosomes and the 12-mer oligoribonucleotide. lumen of mammalian cells) and at different temperatures are shown in Fig. 1a . The spectra indicate that at 42°C and below, RTA contains significant helical structure, consistent with its known x-ray structure (27) . The protein is relatively unstable at pH 7.0; at temperatures above 42°C, the protein starts to denature, judged by the decreased ellipticity in the far UV at 45°C and above. Near UV CD spectra also indicate that RTA is relatively unstable at pH 7.0, with all tertiary structure involving tyrosine and tryptophan residues apparently denaturing by 45°C (Fig. 1b) . A closer examination of the data in Fig. 1 reveals that thermal denaturation of RTA is not a cooperative (two-state) process, since tertiary structure denatures prior to secondary structure as judged by far and near UV CD. Thus, at 45°C the protein has little or no tertiary structure (Fig. 1b) but retains significant secondary structure (Fig. 1a) , indicating population of a partially unfolded species. When the temperature is increased to 55°C and above, RTA becomes substantially denatured and no further decrease in ellipticity in the far UV occurs as the temperature is raised above this value (Fig. 1a) .
RESULTS

Effect of
The Partially Unfolded Species of RTA Does Not Refold Spontaneously-Partially unfolded RTA formed at 45°C was next tested for its capacity to refold to the native protein upon cooling. RTA at pH 7.0 was thus incubated at 30°C, rapidly heated to 45°C for 30 min, then cooled to 30°C, and the ability of the protein to refold measured by far UV CD and tryptophan fluorescence (RTA contains a single tryptophan residue (Trp-211), which is buried and forms part of the active site (27) and is invariant in all members of the RTA family of ribosomeinactivating proteins (28) ). The data in Fig. 2 show that partially unfolded RTA does not refold upon cooling, judged by both far UV CD (Fig. 2a) and fluorescence of Trp211 (Fig. 2b) . As an additional test, RTA was denatured in 4.2 M GdmCl, pH 7.0, then rapidly diluted 10-fold to renature the protein. Again, unfolding was irreversible, RTA forming a partially unfolded species, as judged by far UV CD and fluorescence measurements (Fig. 2, c and d) under these conditions. Unfolding was also irreversible when RTA denatured in 4.2 M GdmCl, pH 7.0, was diluted 30-fold to initiate refolding. Despite surveying a wide variety of conditions, no conditions could be found under which unfolding was reversible, even when very dilute samples (Ͻ0.3 M) of RTA were used (the results obtained were independent of protein concentration over the range from 0.4 to 0.01 mg/ml). Gel filtration analysis of partially unfolded RTA formed by transient heating to 45°C demonstrated that the protein is compact, and there is no evidence for the presence of   FIG. 2 . The unfolding transition of RTA is irreversible. RTA in 20 mM sodium phosphate buffer, pH 7.0, 2 mM DTT, was incubated at 30°C, heated to 45°C for 20 min, and then cooled to 30°C, and unfolding/refolding was monitored by far UV CD (0.04 mg/ml) (a) and fluorescence (0.01 mg/ml) (b). In addition, RTA denatured in 4.2 M GdmCl, pH 7.0, was refolded by rapid (10-fold) dilution of the denaturant, and refolding was again monitored by far UV CD (0.04 mg/ml) (c) and fluorescence (0.01 mg/ml) (d). In each case denaturation is irreversible, leading to a stable, partially unfolded species that is monomeric (see text). dimers or higher molecular weight species in the partially unfolded ensemble, ruling out aggregation as a possible cause of the irreversibility.
Partially Unfolded RTA Resembles a "Molten Globule"-Denaturation of partially unfolded RTA formed by transient heating to 45°C or by renaturation from high concentrations of GdmCl, was also examined by titration with GdmCl using far UV CD (Fig. 3a) . As expected, GdmCl denaturation of native RTA displays a sigmoidal denaturation curve typical of that expected for unfolding a native polypeptide of this molecular weight. Interestingly, GdmCl denaturation of native RTA monitored by near UV CD also highlights the instability and noncooperativity of native RTA, since all tertiary structure is denatured at approximately 2.3 M GdmCl, at which concentration about 50% of the native far UV CD signal persists (data not shown). By contrast with native RTA, denaturation of partially unfolded RTA is a much less cooperative process, the lack of a pre-transition base line and the large denaturant concentration range required to fully unfold the protein being typical features of the unfolding of a partially unfolded ensemble. Consistent with this, partially unfolded RTA formed at 45°C or by renaturation from 4.2 M GdmCl displays an increase in the fluorescence intensity of ANS coupled with a blue shift in max above that of the native or fully denatured protein (data not shown). Partially unfolded RTA is also susceptible to thermolysin digestion, whereas the native protein is highly resistant (Fig. 3b) . The data thus indicate that partially unfolded RTA is compact, contains significant secondary structure, lacks fixed tertiary interactions, unfolds non-cooperatively, is protease-sensitive, and binds ANS; these features are typical of molten globular states (29) .
Substrate-induced Refolding of Partially Unfolded RTA-
RTA is an N-glycosidase that removes a specific adenine base from a highly conserved loop in 28 S rRNA (30) . The phosphodiester bonds on either side of the depurination site become susceptible to aniline hydrolysis after RTA modification such that a 394-nucleotide fragment is released that is diagnostic of RTA depurination (23) . RTA was assayed for catalytic activity following incubation at 30°C, 45°C, 55°C, and 65°C for 30 min and subsequent cooling to 30°C for 10 min. At 30°C RTA is native (Fig. 1 ) and catalytically active (Fig. 4a, lane 1) . Surprisingly, partially unfolded RTA formed by transient heating to 45°C also appeared to be catalytically active (Fig. 4a,  lane 2) , even though this species has no fixed tertiary structure, particularly involving the unique active site tryptophan (Fig.  1b) . As partially unfolded RTA formed by transient heating does not refold upon cooling (Fig. 2a) , nor upon further dilution or upon changing the buffer conditions during heating to those used in the activity assay (as judged by far UV CD), the data suggest that refolding of partially unfolded RTA is induced by the ribosomes. The possibility that ribosome-associated chaperones are responsible for this activity was eliminated by reexamining the activity of the different species in the presence of salt-washed yeast ribosomes from which ribosome-associated chaperones have been removed. A quantification, based on a comparison of the 26 S rRNA depurination activity of a dilution series of partially unfolded RTA with corresponding concentrations of native RTA, indicated that full catalytic activity had been restored to the partially unfolded species (Fig. 4b) . The results thus suggest that the ribosomes themselves are responsible for refolding RTA.
Oligoribonucleotide-induced Refolding of RTA-To test whether reactivation of partially unfolded RTA requires intact ribosomes, or only the rRNA component of its ribosomal substrate, the ability of short stem-loop rRNA molecules to reactivate RTA was investigated. Small rRNA molecules containing the GAGA tetraloop essential for recognition have been shown to be substrates for RTA (31-37). Two dodecaribonucleotides were thus synthesized, one (5Ј-CUCAGAGAUGAG-3Ј; wildtype) encompassing the 12 ribonucleotides surrounding the GAGA recognition site in 28 S rRNA, and the second (5Ј-CUCAGdAGXUGAG-3Ј; rHA12) containing a deoxyribonucleotide in the recognition motif and the adenine analogue 2Ј-deoxy-2-aminopurine (X) to provide a possible fluorescent probe. Similar oligoribonucleotides have been shown to form a stem-loop structure by NMR studies, and to be substrates for RTA depurination (they bind RTA with similar affinity as intact ribosomes but have a considerably reduced k cat (by a factor of 10 5 ); see Refs. 34 and 36). Each oligoribonucleotide was end-labeled with [␥-32 P]ATP, gel-purified, and then used in an assay for catalytic activity of native RTA, as described under "Experimental Procedures." As expected, native RTA cleaves both rHA12 (Fig. 5 ) and the wild-type dodecaribonucleotide (data not shown) to produce the expected 5-mer radiolabeled product, the former being cleaved more rapidly in accord with published data that incorporation of a deoxyadenine in the recognition site increases the k cat 26-fold (36) . Whereas native RTA is able to depurinate rHA12 (Fig. 5) , partially unfolded RTA formed by transient heating to 45°C displays no detectable activity. This indicates that few, if any, native molecules persist after RTA is heated to 45°C (more than 99% of intact rHA12 remained after incubation with partially unfolded RTA for 120 min) and that the small 12-mer oligoribonucleotide cannot refold the partially unfolded protein. In accord with these data, incubation of partially unfolded RTA with a 5-fold excess of rHA12 does not induce protein refolding, as judged by far UV CD. Similar experiments in the presence of excess yeast tRNA or the nonspecific protein, bovine serum albumin, were also unable to restore catalytic activity against the 12-mer oligoribonucleotide (data not shown).
Although intact E. coli ribosomes are not cleaved by RTA, deproteinized E. coli rRNA is a substrate for the enzyme (38) . Incubation of native RTA (720 ng) with rRNA (30 g) resulted in depurination of both the 16 S and 23 S rRNA components as previously observed (38) . By contrast, incubation of rRNA with partially unfolded RTA did not result in depurination, either when assayed directly in acetate buffer (20 mM sodium acetate, pH 5, 100 mM sodium chloride) or following pre-incubation for 30 min with E. coli rRNA in ENDO buffer (see "Experimental Procedures") at 37°C prior to the assay (data not shown). These data are consistent with the inability of partially unfolded RTA to depurinate the small dodecaribonucleotide and suggest that intact ribosomes are required for refolding and reactivation of the partially unfolded species. Experiments to directly test this result, by the pre-incubation of partially unfolded RTA with ribosomes prior to the addition of radiolabeled oligoribonucleotide in the assay described above, have been attempted. These experiments were not feasible, however, since ribosomes are much better substrates for depurination by RTA than synthetic oligoribonucleotides or deproteinized rRNA, ribosomes being turned over more than 100,000 times faster than purified RNA species (34, 36) . In addition, attempts to directly monitor RTA refolding by mixing partially unfolded RTA with ribosomes and subsequently separating these species, for example by centrifugation, were not possible because the ribosomes cannot be completely separated from the RTA. Despite these difficulties, the results shown in Figs. 1, 4 , and 5 indicate that partially unfolded RTA that has lost all apparent tertiary structure regains full catalytic activity in the presence of its intact ribosomal substrate.
DISCUSSION
Although it was initially assumed, by analogy to DT, that the enzymic polypeptides of other protein toxins such as ricin, PE, and ST would also cross the endosomal membrane to enter the cytosol, it is now clear that the latter group of toxins gain entry , and then incubated at 30°C with rabbit reticulocyte ribosomes. Ribosomal RNA was separated by 1.2% (w/v) agarose/formamide gel electrophoresis after aniline treatment to release the 394-nucleotide fragment (arrowed) that is diagnostic of RTA-catalyzed depurination of 28 S rRNA. Lane 5 shows control rRNA from RTA-treated ribosomes (lane 1) not treated with aniline. b, RTA was incubated at 30°C (E) or 45°C (q) for 30 min, then cooled to 30°C, before incubation with salt-washed yeast ribosomes at 30°C. Aniline-treated rRNA was separated by denaturing gel electrophoresis followed by Northern blotting, and activity expressed as percentage depurination of 26 S rRNA. to the cytosol via retrograde transport to the ER lumen probably using the ERAD pathway (see Ref. 15 for a review). Here we have shown that the conformational properties of RTA are ideally suited to its translocation from the ER, in that the conformational lability and non-cooperativity of the protein at pH 7.0 permits relatively frequent unfolding events and population of partially unfolded molecules even close to ambient temperature. If unfolding is irreversible, as shown here in vitro, partially unfolded molecules could become significantly populated even under conditions where the native state is thermodynamically stable. Moreover, since unfolding and membrane traversal of only a few RTA molecules is sufficient to kill the cell, these processes need not be highly efficient for ricin intoxication. We have shown that partially unfolded RTA is compact, retains significant secondary structure but has little or no fixed tertiary structure, is protease-sensitive, and binds ANS; these are features typical of a molten globule species (29) . Interestingly, such species have been purported to be capable of membrane traversal (39, 40) . In parallel studies we have shown that RTA is stabilized at acidic pH values, such that at pH 5.5 (close to the pH of endosomes) the midpoint of thermal denaturation is raised by approximately 10°C (41) . Thus, RTA does not respond to low pH in the same way as DT, consistent with its site of translocation being distinct from the endosomal system. It appears, therefore, that the conformational lability and unfolding properties of RTA at pH 7.0 are ideally suited to its translocation from the ER.
The significance of the partially unfolded species of RTA in terms of the membrane translocation step may well extend beyond simply producing a form of the toxin appropriate for membrane traversal. Thus, the presence of the partially unfolded species itself within the ER lumen might trigger its export by activating the ERAD pathway. For some time, the ER has been known to possess a system capable of degrading misfolded or non-assembled proteins (42), through their export to the cytosol and subsequent degradation by cytosolic ubiquitin/proteasome machinery (see Ref. 43 for review). Recently it has become evident that this ER-associated protein degradation of misfolded or incorrectly assembled proteins occurs via the Sec61p translocation channel (44 -46) such that aberrant proteins are ejected from the lumen through the translocon and degraded in the cytosol. As the export machinery can clearly differentiate between native and misfolded protein conformations, the partial unfolding of RTA may result in the polypeptide masquerading as a substrate for export into the cytosol.
While partial unfolding of RTA may be a prerequisite for membrane translocation, the protein must regain catalytic activity in the cytosol. If unfolding in vivo resembles that shown here in vitro under a wide range of conditions, it seems unlikely that the partially unfolded species of RTA could spontaneously refold into its native, catalytically active conformation in the cytosol. Refolding in vitro requires the presence of intact ribosomes, as dodecaribonucleotide containing the substrate GAGA tetraloop or naked rRNA is unable to reactivate the partially unfolded species. It appears, therefore, that ribosomal proteins alone or in conjunction with rRNA are facilitating refolding. Interestingly, intact ribosomes and ribosomal components have previously been shown to possess chaperone activity (47) (48) (49) . This raises the possibility that ribosome-mediated refolding of RTA may not be an entirely substrate-induced phenomenon, but could also utilize the chaperone activity of its substrate ribosomes. The observation that purified oligoribonucleotides and rRNA substrates do not induce refolding is consistent with this view. In vivo, the possibility remains that cytosolic chaperones such as those belonging to the hsp70 class may also be involved in facilitating the unfolding and/or refolding steps, and may help to stabilize partially unfolded molecules.
What is the relevance of these observations for the refolding of RTA in vivo? Our data suggest the intriguing possibility that RTA utilizing the ERAD pathway would readily encounter substrate ribosomes upon its emergence into the cytosol. Such an encounter would reactivate the protein and prevent degradation of the toxin by proteasomes. Interestingly, this also suggests competition between ribosome-facilitated refolding and degradation. Consistent with this, we have observed that treating mammalian cells with the proteasome inhibitor lactacystin causes a small but significant (approximately 3-fold) sensitization to the toxin. 2 Reactivation would be suicidal, since it would immediately result in depurination of the 28 S rRNA of the ribosome and the consequent inhibition of protein synthesis. If this is the case, the toxin would appear to have evolved an effective mechanism of cell entry and destruction. The next stage will be to devise experiments to test these results in vivo.
